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The equilibrium phase diagram between 0 and slightly above 50 mole % Bi,Oj3 in the Bi,O3-MoO;
system has been studied by differential thermogravimetric analysis (DTA) and X-ray diffraction
measurements on fused mixtures and single crystals. The results confirm the existence of the four
compounds a (Bi;03°3Mo00s), 8 (Bi,O;3-2M003;), 7 (Bi,O1-M00); and ¢ (~1.3Bi,0;-Mo00;) in
the system. However, the phase diagram as well as the nature of melting of the « and y were found
disagreed with previous results, The y compound melts incongruently at 947°C, whereas the o
compound melts congruently at 662°C. The crystal class and lattice parameters of the compounds
were determined based on the single crystal as well as powder pattern techniques. The results show
that all four compounds have the monoclinic structure. The unit cell parameter of the 8, y, and ¢
compounds were found to be quite different from previously reported data. The lattice parameters
obtained from X-ray analysis were also verified by density measurements of the single crystals.
The polymorphism of the compounds was also investigated with single crystal samples. No

polymorphic transformations for the o, 8, and y phases were detected in the work.

Introduction

The phase diagram and compounds of the
Bi,0;-M00O, system have been the subject of
several studies. Belyaev and Smolyaninov (1)
and Bleijenberg et al. (2) both reported two
congruently melting compounds, Bi,O;-
3Mo0O; (a) and Bi, O3 - MoOj; (y), in the region
0-50 mole %, Bi,0;. Studies by Erman and
co-workers on the phase diagram (3) and
structures of the compounds (4-7) gave rather
different results. These investigators found a
third compound, Bi,0,-2MoQ; (f), in this
composition range and another phase (g)
having solid solubility with a composition of
~1.4 Bi,0;-MoO;. They reported moreover,
that the a, B, and y compounds are formed
by peritectic reactions and that the § and y
compounds each have several crystallographic
modifications.
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We present here additional studies of the
Bi,0,-Mo00O; system from 0 to just past
50 mole %, Bi,O; by DTA and X-ray diffraction
methods. We were able also to grow large
single crystals of the «, f, and y phases, and
our work includes studies of these materials.

Experimental

Polycrystalline specimens of the required
mole fraction were prepared by fusion of
99.99 %, pure MoQ, and 99.999 9, pure Bi,O;
powders purchased from Atomergic Chemical
Co. After thorough blending, the powders
were melted in a covered Pt crucible, and the
melts were then cast into a water-cooled Pt
dish. Casted specimens were ground to —200
mesh powders. About 2 g of each specimen
were sent to Metallurgical Laboratory Inc. for
wet chemical analysis.
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TABLE 1

CHEMICAL ANALYSIS OF THE SINGLE CRYSTALS

Nominal Compositions determined by the
Composition analyses
mole %, wt% mole 4,
Compound Bi,0; MoO; Bi,0; MoO; Bi,0; MoO, Remarks
Bi;05:3M00; (o) 25.0 75.0 51.9 48.1 250 750 Grown from 20 mole %
Bi,0; solution
Bi,0;°2Mo0O; (§) 33.33  66.67 6181 3837 3323  66.77 Grown from 27.5 mole %,
Bi,0; solution
Bi,05-MoO; (p) 50.0 50.0 76.21 23.53 50°01 49.99 Grown from 45 mole %,
Bi,O, solution
~13Bi,0;-10Mo0; (¢) 56.5 43.5 80.11 19.58 55.83 44.17 Grown from 50 mole %,

Bi,0; solution

Large single crystals of the «, f, y and phases
were grown by pulling with a seed from molten
solutions. Several solutions in the range of
20-25 mole % Bi,0O; provided crystals of «;
crystals of 8, y, and ¢ were grown from 27.5,
45, and 50 moled, Bi,O;, respectively.
Chemical analyses for these single crystals
are listed in Table I.

Crystals of o and y phases were also grown
by slow cooling of Bi,0;-MoO; molten
solution consisting of 20 mole %, Bi,O; and
40 mole %, Bi,0,, respectively, at a cooling
rate of 2°/min. These crystals proved to be
the same as the « and y crystals obtained by the
above method.

The DTA measurements were made on
pulverized samples and on single crystal
specimens with a DuPont 900 DTA instru-
ment. Prior to these measurements (and X-ray
powder pattern measurements), the poly-
crystalline samples were annealed overnight
at temperatures of 600-670°C. For our
thermograms we typically used about 15 mg
of samples placed in a Pt-lined microcrucible.
The rates of heating and cooling were 5°/min.
These thermograms often showed irrepro-
ducible exothermic peaks in the cooling cycle.
The appearance of these extraneous peaks
seems to be related to the migration of molten
material during thermal cycling. The use of
high-purity Al,Os; microcrucibles eliminated

the extraneous peaks. Temperatures used for
the construction of the phase diagram were
those observed on the heating cycle taken with
the Pt-lined crucible. The temperature of the
liquidus point of some of the mixtures was
taken from the cooling curve. In this case, the
correction of the temperature due to the
supercooling was made with the same amount
of supercooling obtained from other trans-
formations in the thermogram.

Powder X-ray diffraction patterns were
recorded on a GE XRD-5 diffractometer
under high X-ray intensity generated at
40 kV and 32 mA. High resolution was
obtained by using a 1° beam slit and 0.05°
detector slit. Weissenberg and precession
cameras were used in diffraction studies of
single crystals to obtain preliminary lattice
constants as well as space group extinctions.
We used the program of Evans et al. (8) to
refine the lattice constants. The X-ray wave-
length standards are, for Cu radiation: Ko, =
1.54051 A and Ko, = 1.54433 A.

Densities of single crystal specimens were
measured by Archimedes method.

Results and Discussion
1. Single Crystals

Figure 1 shows large crystals of the « (a),
p (b) and y (¢) compounds pulled from 20,
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Fic. 1. Single crystal of « (a), 8 (b), and y (c) phases.
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27.5, and 45 mole %, Bi,0; molten solutions,
respectively. The colors are uniform through-
out each crystal and are : greenish-yellow for a,
brownish-yellow for 8, and light yellow for y.

As shown in Table I, these crystals have a
stoichiometric composition of Bi,03:MoO,
of 1:3, 1:2 and 1:1, respectively, for the
o, B, and y phases, although they were grown
from off-stoichiometric compositions. Evid-
ence, particularly from X-ray diffraction
studies, indicates that the «, f, and y phases
are line compounds (or virtually so).

Crystal boules pulled from molten solutions
of 1:1 molar composition show a Bi,0;: MoO,
ratio of ~1.26. Diffraction patterns for these
crystals are different from those of the y phase.
The color of the boule is light yellow at its
crust and deep yellow toward the center. Also,
the density measured on a piece from the crust
is different from that of a piece near the center.
We believe this modification corresponds to
the & phase of Erman et al. (3) and that the
phase does indeed have solid solubility.

2. Equilibrium Phase Diagram

Figure 2 shows the phase diagram for the
composition range studied. Apart from DTA
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FiG. 2. Partial equilibrium phase diagram of the
Bi,035-MoO; system, @ from polycrystalline sample—
heating; o from polycrystalline sample—cooling;
B, from single crystals—heating; [0 from single
crystals—cooling.
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runs on crystals of the & phase, the region
between y and & was not investigated in detail.
Therefore, dotted lines based on the phase
diagram published by Erman et al. (3) are
indicated in this range.

In many respects the phase diagram is
similar to the one given by Erman et al. (3)
We find a eutectic between MoQ; and «; a
peritectic reaction at 682°C between liquid
and y to form f; a peritectic reaction at 947°C
between liquid and ¢ to form y. The corres-
ponding temperatures from the diagram of
Erman et al. (3) are somewhat lower: 650 and
920°C, respectively.

We, however, do find two major points of
disagreement: (1) In the region between o and
about 20 mole?%, Bi,O, only two phase
boundaries are encountered; accordingly, the
o phase is a congruently melting compound
(mp = 662°C) or a limiting case of a eutectic or
peritectic reaction. (2) No solid state trans-
formation of y just below 900°C was detected.

These conclusions are supported by DTA
runs and high-temperature X-ray diffraction
studies of y phase.

In Figure 3 a single endothermic peak,
corresponding to melting, appears in the
heating curve of the o compound. The
absence of an additional endothermic peak in
the subsequent remelting indicates congruent
melting. Furthermore, powder patterns taken
following melting of such a sample shows
only the & compound.

The heating curve of a y crystal shows (Fig.
3) a strong endothermic peak at 947°C and
small endothermic inflection at 973°C. The
former corresponds to the noncongruent
melting point and the latter to the liquidus.
No other thermal effects were observed in the
heating; none in particular were seen just
below 900°C. Moreover, in high-temperature
X-ray diffraction studies taken at 825 + 5°C
and 925 + 5°C, no new lines appear which
would indicate a phase transformation.

We have previously mentioned the appear-
ance of spurious peaks in the DTA cooling
curves when Pt microcrucibles were used to
contain the samples. (Indeed, several of these
are seen in the cooling curves of Fig. 3.)
However, we did not see extra peaks when
A,0; microcrucibles were used. Failure to
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TABLE I
X-RAY POWDER DIFFRACTION DATA FOR S (Bi;O;-2Mo0,)

dchsd (A) dcalcd (A) hkl Iobsd dohsd (A) dcalcd (A) hikl Iobsd

8.014 7.993 011 7 2.274 2.279 115 1
6.652 6.644 111 13 2.274 2.273 242 1
5.949 5.942 002 12 2.196 2.197 341 3
5.215 5.206 012 8 2.174 2.175 025 5
4919 4917 021 3 2.174 2172 512 5
4.780 4.786 211 13 2.145 2.144 432 3
4.212 4213 202 3 2.048 2.051 522 2
3.924 3.925 212 3 2.048 2.046 503 2
3.795 3.797 221 3 1.992 1.992 600 8
3.781 3.777 301 4 1.980 1.981 006 8
3.448 3.446 031 2 1.947 1.947 343 33
3.308 3.311 131 3 1.846 1.846 621 2
3.209 3.206 320 95 1.757 1.759 425 1
3.197 3.194 023 100 1.751 1.750 316 1
3.164 3.164 312 5 1.691 1.690 623 7
3.081 3.079 032 2 1.686 1.685 326 13
2.989 2,987 400 3 1.640 1.640 360 13
2974 2971 004 2 1.640 1.639 063 13
2.823 2.821 322 2 1.632 1.631 543 10
2.809 2.809 303 32 1.632 1.628 345 10
2.787 2.786 114 2 1.604 1.603 640 10
2.700 2.700 040 17 1.596 1.596 046 10
2.591 2.591 412 1 1.403 1.404 606 4
2.554 2.553 421 1 1.289 1.289 920 8
2.459 2458 042 3 1.282 1.282 029 2
2.435 2.436 332 4 1.266 1.266 663 13
2.409 2410 241 2 1.266 1.263 366 13
2.409 2.408 142 2 1.216 1.216 383 5
2.393 2.393 422 2 1.140 1.141 943 4
2.328 2.321 015 1
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TABLE III

X-RaY POowDER DIFFRACTION DATA FOR $(Vi;03-MoOj3)

hkl dobsd dcalcd Iobsd hkl dubsd dcalcd oobsd
100 17.293 17.251 7 710 2.449 2.459 4
110 13.703 13.673 15 720 2.409 2.407 2
020 11.262 11.211 17 0.10.0 2.241 2242 4
120 9.408 9.400 9 1.10.0 2.223 2.224 2
200 8.638 8.625 4 571 2.168 2.168 4
130 6.868 6.858 2 800 2.158 2.156 5
230 5.655 5.648 18 830 2072 2.072 4
330 4.557 4.558 4 680 2.007 2.007 49
150 4.341 4.340 1 082 1.977 1977 9
410 4.240 4.235 1 941 1.729 1.729 12
231 3.978 3.981 2 941 1.721 1.721 12
060 3.12.1 1.694 1.694 18
430 } 3738 3731 2 3.121 1.692 1.692 24
341 3.268 3.268 51 682 1.634 1.634 5
341 3.249 3.249 60 682 1.625 1.625 4
530 3.133 3.132 2 5.13.1 1.486 1.488 2
061 3.103 3.105 1 5.13.1 ’ 1.485

g 61 } 2920 2.926 2 12.0.0 1.438 1.438 3
261 ) 2.917 0.16.0 1.401 1.401 4
600 2.875 2.875 100 004 1.397 1.395 2
080 2.802 2.803 39 9.12.1 1.302 1.303 4
461 2.527 2.526 1 9.12.1 1.299 1.299 4
700 2.465 2.464 4 6.16.0 1.260 1.260 7

reckon with artifacts of this kind could of
course result in a serious misinterpretation
of the DTA data. It is possible that the claim
of Erman et al. (3) for the noncongruent mel-
ting of «, and more than two phase boundaries
for mixtures between o and ~20 mole 9, Bi,O4
is related to such artifacts.

Finally, the results of our X-ray diffraction
studies from powder patterns of polycrystalline
and single crystal specimen confirm the phase
boundaries shown in Fig. 2. That is to say, all
powder patterns in this composition region
are composites of the basic patterns of MoO,,
a, B, and y. Moreover it is found that in the
various mixtures the diffraction lines corres-
ponding to «, B, and y do not shift by measur-
able amounts. Therefore, we believe these
compounds do not have solid solubility.

3. X-Ray Diffraction Studies

Powder patterns obtained from single
crystals of the compounds show excellent

agreement with the pattern published for the
o phase (9), but considerable difference with
patterns reported (4, 6, 9, 12) for B and vy
phases. Tables Il and III give, respectively,
diffraction data of the § and y phases obtained
in this work. Diffraction data was obtained
also for the & phase. Except for some low
intensity diffraction lines, our d-spacing data
agree rteasonably well with those reported
recently by Miyazawa et al. (13) for the com-
pound “3 Bi,0;-2 Mo00O,.”

Our diffraction studies of single crystal
specimens show that the compounds in general
have relatively large unit cells and are often
characterized by pseudosymmetry and sub-
cells.

In the following the crystal data of each
compound obtained in this work (Table IV)
and those of previous investigations (Table V)
will be compared and discussed.

(a) a Compound (Bi,05-3M00;). The cry-
stal data obtained for this compound are in
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excellent agreement with the results of
Aykan (9) and Ce Sari et al. (/0). On the other
hand, in work on the « compound formed by
coprecipitation from salt solution, van den
Elzen and Rieck (/4) reported significantly
smaller lattice constants and measured density,
and gave the Bi: Mo ratio for their material as
2:2,85. Thus nonequilibrium stoichiometries
are indicated for the a phase prepared by
coprecipitation. Unit cell parameters and
density obtained by Erman et al. (7) differ
from the other reported data, and the dis~
crepancy cannot be expalined.

b) B Compound (Bi,O3:2Mo0,). Except
for a slight difference in the unit cell parameters
and the measured density, the crystal data of
this compound obtained in this work are in
agreement with data of the g phase (obtained
from annealed coprecipitated powder or
sintered oxide) reported by Erman et al. (7).
The g’ form which was formed by coprecipita-
tion of the salt solution as reported by
Erman et al. (7) was not investigated in this
work. We have investigated the possibility of
polymorphism by studying single crystal
specimens quenched from annealing temper-
atures up to the melting point of the com-
pound. However, the metastable " form of
the B phase observed by Erman et al. (7) in a
specimen quenched from the fused oxides was
not observed in this work.

Crystals of the § phase are pseudo ortho-
rhombic, and a subcell is clearly evidenced in
the diffraction photographs. The diffraction
symmetry not only approaches that of mmm,
but there is also an additional systematic
extinction beyond those required by P2,/n,
namely #k0 missing for k odd. No splitting
between hk! and kIl spectra were observed
in the powder patterns. Accordingly, the
monoclinic angle, f, is given as 90°. Any
deviation from 90° is estimated as less than
0.1°. That the true symmetry is monoclinic is
confirmed by the observation of a conspicuous
dispersed extinction when crystals of the f
phase are viewed along [010] direction under
a polarizing microscope (11).

The crystal structure is based on a subcell
with edges: a/3 x b/2 x ¢/3. This is a pseudo
body-centered tetragonal cell of dimensions,
4.0 x 54x4.0 A. In consequence of the

Remarks

Similar to Ref. (9)
and (10)

Similar to 8 phase of
Ref. (7)

Nonstoichiometric
compound

molecular
per unit cell
4
8
16

Density (g/cm;) Number of
Expt
6.22
6.545
7.495
7.47-
7.53

Caled
7.506
7.536°

6.204

6.517

Space
P2,/c
leln
P2,/m
or P2,

0.2)
2158.60 P2,/c

0.13)
1536.5

Cell

volume (A3) group

960.99
0.6)
1651.7
(0.4)

TABLE 1V
CRYSTAL DATA OF PRESENT RESULTS®

0.6")
(0.9)

B
115°26.0
90°¢
89°.30.2

0.6")
102°45.48’

c
11.981
(0.0013)
11.890
(0.001)
5.851
(0.002)
11.799
(0.003)

b
11.512
(0.0012)
(0.001)
2.4
(0.002)
5.804
(0.001)

Unit cell constant (&)
10.810

(0.001)
17.251
(0.001)
24,723
(0.003)

a
7.715

(0.0009)°
11,954

1:2
1:0.79+

1:1

Molar ratio
b Calculated based on 13 Bi,O; + 10 MoO; molecular per unit cell.

¢ B deviates from 90° by less than 0.1°.

2 Value of standard error.

Compound Bi,0;:MoO;,
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subcell, diffraction maxima are strong for &
and | = 3n and k = even.

(¢) y Compound (Bi,0s- M0oO3). In agree-
ment with other studies involving fused
oxides (7, 9, 12), the crystal data we obtained
for this compound are quite different from
natural or synthetic Koechlinite. The data
which show the greatest similarity to our
results are the lattice parameters of the y”
phase reported by Erman et al. (7). However,
the nonstoichiometric molar ratio of Bi,O;:
Mo0O; =1-1.2:1 obtained by them and the
metastability of the phase are in disagreement
with the present results.

Crystals of the y phase are also pseudo-
orthorhombic. However, with fine-resolution
optics on our diffractometer, splitting between
hkl and hkl spectra here clearly observed.
The monoclinic symmetry was also confirmed
by the observation of a dispersed extinction for
crystals viewed along [010] direction under a
polarizing microscope.

The crystal structure of y is based on a
subcell having edges: a/3, b/4, and c. Thisis a
pseudo face-centered cubic cell approximately
56 A on a side. The subcell previously
mentioned for the § compound is a variant
of this pseudo face-centered cubic subcell.

Our y-phase unit cell accounts for the
powder lines (only ten in number) given by
Blasse (12). His tetragonal unit cell is related
to ours as follows: ¢y =a,; @pe = J2/2
Cy5 breo = ~2/2 b/ 4.

Erman et al. (7) have suggested that vy is the
low-temperature and Koechlinite the high-
temperature form. OQur high-temperature dif-
fraction and DTA studies give no indications
of any polymorphism. Moreover, Koechlinite
is considerably more dense (~109%) than
the y form. Hence it is not reasonable that
Koechlinite should be the high-temperature
phase. Rather, it seems that Koechlinite is the
low-temperature stable form, the higher den-
sity value reflecting larger 'coordination
numbers for the cations as compared with our
y phase. Transformations, necessarily then of
areconstructive type, of y to Koechlinite could
be expected to be sluggish. In this connection,
we note that Koechlinite readily forms from
aqueous solutions at mild temperatures (9).

(d) ¢ Compound. Crystals of this phase

CHEN AND SMITH

belong to the monoclinic system. The lattice
parameters listed in Table V are for crystals
with a molar ratio of Bi,O;:MoO, =1.26:1.
For other compositions within the solid
solution range of this compound, slightly
different values of the lattice constants could
result.

The crystal data reported recently by
Miyazawa et al. (/3) for a phase they term
3 Bi,0;:2Mo00O; are in reasonable agreement
with our results for the ¢ compounds. These
authors give a value for ¢ which is twice our
value, but list no lines with / odd in their pow-
der pattern data. Furthermore, it is misleading
to call this phase a 3:2 compound. Their
pubiished chemical analysis corresponds actu-
ally to Bi,O3;:Mo00; = 1.30:1. Further work
on this compound is needed to determine the
extent of the solid solubility.

An interesting correlation between den-
sities and composition of the compounds was
obtained from the results of this work. As
shown in Fig. 4 the plot of density versus
composition of the compounds including that
of pure MoO; show that the density of the
compounds increases almost linearly from
pure MoO; to the y compound. This correl-
ation might be accidental; however, it may
indicate the existence of a structural similarity
between the compounds.

r

€(I02.79), P
¥ (90°) l/,/
1 "X

—3000

B(90.05°)
Q15.4°)

6l
Mo04(90°)

s —2000

UNIT CELL VOLUME (R®)

DENSITY (g/cm®)
N

9 10 20 30 40 50 60

PURE MoOj MOLE% Bi 05

F1G. 4. Density and cell volume dependence of the
compounds as function of Bi,O; concentration.
® Calcd. density; x expt density; © calcd. cell volume.
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Conclusion

The equilibrium phase diagram of the
MoQ, rich Bi,0;-Mo0Q; system based on the
fused oxides has been presented. The results
show some differences from the existing phase
diagrams.

The existence of the o (Bi,03-3Mo0Q0;),
B (Bi,0;-2M00;), and y (BiO0;-MoO;)
phases in the phase diagram was confirmed
by DTA and X-ray analyses on non-stoichio-
metric mixtures as well as single crystals of the
compounds. The existence of &:(~13 Bi,0;:
10 Mo0Q,) phase in the binary system as
reported by Erman et al. (3) was also confirmed
by growth and analyses of the single crystals of
the compound.

Based on DTA and crystal growth of single
crystals, it was determined that the § and y
phases are formed by peritectic reactions and
the « compound exists as a limiting case of a
peritectic or eutectic reaction.

The crystal class and lattice parameters of
the compounds were also determined in this
work. The results show that except for the a
phase, there are many differences that exist
between our results and the existing data.

The polymorphism of the compounds pre-
pared from fused oxides were also investigated.
In contrast with some of the previous investi-
gations, our studies detected no polymorphic
transformations for the «, B, and y phases.
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